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Introduction
Pressure is a fundamental thermodynamic variable, where research in high pressure spans numerous areas and often lies within the boundaries of chemistry and physics. Applied pressure is a convenient tool for tuning materials to understand the relation between various physical mechanisms and chemical structure [1] . Organic based systems tend to be fairly soft, a classic example can be observed with benzene, where the high bulk modulus [2] means that very little pressure produces large changes in the structure, where π-orbital interactions play an important role.
This type of behaviour can be expanded to charge transfer systems, such as those based on the organic acceptor TCNQ (7,7,8,8-tetracyanoquinodimethane) . TCNQ is a flat, planer molecule that forms many compounds where interactions along the 1D π-stacked structure can play important/dominant roles, such as is observed with metalinsulator, Peierls and spin-Peierls transitions (SP) [3, 4, 5, 6, 7] . In the case of [Fe(III)Cp][TCNQ], both polymorphs show an increase in the magnetic transition as a function of pressure due to increased coupling as intra-and inter-chain distances decrease [8] . Other TCNQ based systems have shown suppression of metal-insulator transitions [5] as well as magnetic transitions [9] with increasing applied pressure. This is due to the change in both band structure, i.e. a closing of a band gap, or from decreasing magnetic exchange energies/pathways, that occurs as anions are forced into closer proximity, maximising orbital overlap.
Nickel Bis-7,7,8,8-tetracyanoquinodimethane (Ni(TCNQ) 2 ) is a ferromagnetic charge-transfer compound with a T C of approximately 20 K. The material is one in the series of M(TCNQ) 2 salts [10] and has previously been studied in detail by us [11, 12, 13] , where we showed that the glassy nature of the magnetism was from a separate mechanism to the bulk 3D ferromagentic transition. Due to the low broad diffraction peaks it is hard to elucidate much information on the structure or indeed the level of crystallinity. Our present work shows the effect of application of over 1 kbar of pressure on a sample of deuterated Ni(TCNQ) 2 , using both magnetometry and muon spin relaxation measurements. In both experiments, a suppression of the ferromagnetic transition occurs. This suggests that there has to be exchange coupling through TCNQ-TCNQ interactions as well as through the Ni-TCNQ interactions where the application of pressure can change the overlap of electronic states that in turn will effect the exchange mechanisms.
Experimental
Deuterated Ni(TCNQ) 2 was synthesised using TCNQ-D 4 , where the method was devised by Dolphin et al. [14] Preparation of the Ni(TCNQ-D 4 ) 2 was done following the route of Clerac et al. [10] and other details can be found in our previous works [11, 13] . The deuteration was convenient for the muon spin relaxation measurements as it decreased the interactions of the muon with nuclear moments on the TCNQ, i.e. by substituting the protons.
Magnetic measurements were conducted using a Quantum Design MPMSXL with a 50 kG superconducting magnet and temperature range of 1.9 K to >300 K. The sample was loaded into a Easylab Mcell 10 and pressure could be applied using a piston arrangement. In order to measure the sample the MPMS background subtraction facility was used, where the blank pressure cell was measured first at specific temperatures that could then be repeated using the sample in ambient and applied pressure conditions. The applied pressure was measured by inclusion of a small piece of Sn where the shift in the superconducting transition gives a direct estimate of the pressure [15] .
Muon Spin Relaxation (µSR) experiments were performed at the Paul Scherrer Institute, Switzerland, which is a continuous muon source capable of producing high momentum muons. The measurement was performed on the GPD beam line using a CuBe pressure cell where pressures of approximately 15 kbar can be reached with Daphene-7373 oil used as a hydrostatic pressure medium and a PTFE sealing gasket. From measuring the T C of a small piece of indium that is added to the bottom of the cell the applied pressure can be estimated and for our measurements, the pressure was approximately 12 kbar. Muon spectroscopy is an effective local probe to study magnetism where spin polarised muons are implanted into the sample and the asymmetry in the muon decay is measured as function of time. Muons experience a dipolar coupling to local magnetic moments and it is possible to resolve dynamic and static behaviour through the decay in the muon polarisation. The muon momentum was 92.5 MeV/c throughout all the measurements ensuring that as many muons as possible stop within the sample.
Results

Magnetometry
Due to the small moment of the sample, a large applied field of 1 kG had to be used to blow up the signal of the sample over that of the back ground so that it could be detected within the sensitivity of the SQUID. However, the transition is similar to that previously reported [13] at ambient conditions, with a T C of approximately 25 K, as can be seen in Figure 1 , it should be noted that the high applied field may broaden the transition. The low temperature fall in the magnetisation is due to the onset of superconductivity within the small amount of Sn used to calibrate the applied pressure. Therefore the magnetisation is a superposition of both the NiTCNQ 2 sample and that of the Sn.
On applying pressure to the system, the Sn sample was measured as can be seen in the inset of Figure 1 , where the onset of the superconducting transition corresponds to an estimate of applied pressure, in this case 8.4 kbar. It is clear that the application of this pressure dramatically reduces the ferromagnetic transition to approximately 8.5 K as well as causing a reduction in the magnetisation, or moment aligned with the field direction.This suggests that a component is being locked out, or the exchange mechanisms are suppressed.
To compare the underlying behaviour of the sample at different pressures, a Bloch's law type equation could be fit to study the low temperature region of the magnetisation in the form of
Where M 0 is the extrapolated magnetisation at 0 K, D is a pre-exponent and β defines the power law exhibited by the data. For Bloch's law to apply, β must equal 3/2. Previous results on Ni(TCNQ) 2 have shown that Bloch's law does fit at low temperatures well below T C [13] . The results are summarised in Table 1 The two set of results are strikingly different, where the saturation magnetisation is greatly reduced by the application of pressure. Key to the fits is the value of β, where for the ambient condition the value comes out as close to 1.5 or 3/2, which is expected and follows the Bloch's form of spin wave excitation of a ferromagnet. However, when 8.4 kbar of pressure is applied, the curvature of the low temperature data is quite different and gives a value far from that typical for Bloch's law, therefore, something has changed in the material. One option is that the type of magnetism has changed, an exponent of 2 indicates antiferromagnetic ordering, however it should be noted that the curve does not appear to show AFM behaviour. Another option is that the exchange pathways are becoming shorted due to increasing disorder within the system, where the exponent has been shown to increase for nanoparticulate systems as well as when grain boundaries are important [16, 17, 18, 19] .
Although the background subtraction has worked effectively the moment is low and utilising an additional technique may be extremely fruitful to understand more on the effects of pressure on the sample. Muon spectroscopy can present some advantages over susceptibility measurements as the technique is extremely sensitive to weak moments as well as dynamic components due to critical fluctuations.
Muon Spin Relaxation
The ZF raw data obtained from these pressure measurements on Ni(TCNQ-D 4 ) 2 were fitted with a sum of a Gaussian Kubo-Toyabe function and a single exponential:
where ∆ is the static field distribution associated with the Cu nuclear moments in the CuBe cell, λ is the muon depolarisation/relaxation rate and A n is the amplitude of each component, a summation of the two gives the total relaxing asymmetry that is approximately 27% on the GPD spectrometer. As mentioned, the Kubo-Toyabe function is used to describe the CuBe pressure cell where ∆ could be fixed at 0.33 MHz. There is evidence of muon diffusion within the CuBe cell, however this only occurs at higher temperatures above 70 K. Within this manuscript we are only concerned with temperatures up to 30 K, therefore one can consider the background to be static under these conditions.
The muon depolarisation rate shown in Figure 2 is a measure of the dynamics of the electronic magnetic moments. At ambient conditions, there is a clear increase in the relaxation rate below 20 K. This has previously been observed for NiTCNQ 2 , where the take of λ is related to the critical slowing down of magnetic fluctuations [13] . On application of pressure, this transition is destroyed and there is no dramatic rise present within the relaxation rate, except at the lowest temperatures where it is likely that the ferromagnetism has collapsed and the sample behaves more like a paramagnet, where the paramagnetic fluctuations slow down as T→0. This is supported by the changes observed in the relaxing asymmetry ( Figure  3) . The sample at ambient and recovered pressure shows a clear drop in the relaxing asymmetry on going through T C . This is concurrent with the onset of a ferromagnetic transition, where the internal fields become large and muons are depolarised outside of the experimental time scale and become a missing fraction. Since the change in asymmetry is low, this is an indication that there are not a large amount of muons that are stopped within the sample, with the majority being stopped within the pressure cell itself. Since the sample will have a low density, this is not surprising that its stopping power is limited. The data within Figure 3 have been offset but one can see the change in asymmetry associated with the muons stopping in the sample. At 12 kbar, there is no change in the asymmetry within error. If no ferromagnetic transition is present, the relaxing asymmetry will not change since the muon relaxation will be within the measured time scale. The fact that the relaxing asymmetry is flat within the whole temperature regime is strong evidence that no ferromagnetic transition is present and there is no onset down to the lowest temperature. Therefore it is likely the sample has become paramagnetic.
Discussion and Conclusion
Our previous work [13] has shown that the ferromagnetic transition is associated with 3D behaviour within the bulk. The muon experiments showed a missing fraction that appeared as the sample passed through T C , which is associated with strong static internal fields that emerge due to the onset of magnetic ordering. Within other TCNQ stacked system [3, 20] there is strong π-orbital overlap along the stacking planes of TCNQ molecules. Therefore it is likely that within NiTCNQ 2 there is a similar situation with π-stacking, leading to strong interactions along the TCNQ stacks. If the system didn't Figure 3 . The relaxing asymmetry as a function of temperature. The data has been offset for by approximately 1.5% and 2.5% respectively for clarity, however a full asymmetry can be considered to be 27%. stack, it would perhaps behave more like a 2D system with magnetic exchange only occurring between Ni and TCNQ ions within the same plane. Therefore it is likely that the 3-dimensionality arises from the TCNQ stacking, leading to other exchange interactions/pathways dominating. Since each TCNQ anions is a S = 1/2 entity, then applying pressure will force the TCNQ inter-and intra-stack distance to become smaller. With TCNQ based spin-Peierls systems [3, 20, 21, 22] , the material falls into a singlet non-magnetic state accompanied by a structural change. The same mechanism may be present within NiTCNQ 2 where the pressure decreases the TCNQ-TCNQ distances along the stacks and this causes TCNQ dimers to form non-magnetic singlet states, thus all that remains are Ni(II) ions that are isolated and will show typical paramagnetic behaviour. However, it should be considered that by decreasing the TCNQ-TCNQ distance, one increases the orbital overlap and the electron localised on a TCNQ anion may become more diffuse along the stack, leading to a metallic type character. This may then lead to a reduction in T C as the coupling along the stacks decrease. Within a spinPeierls system, it is expected that the application of pressure increases J, the exchange integral, [22] but organic spin-Peierls systems can be unstable under pressure. Work on BBDTA·InCl 4 has shown that you can get both a decrease or increase in T SP when the applied pressure is hydrostatic or uniaxial respectively [25] . Within MEM(TCNQ) 2 , application of high pressure up to 8 kbar produce a divergence in the low temperature susceptibility, which is reported to be due to a breaking of the spin-pairs, where the transition is washed out, although there is a suggestion that it increased [26, 27] . Therefore, it is hard to say whether our systems follows what has been observed from If we assume that the measurements using the pressure cell on the MPMS have worked effectively, then it is worth creating a preliminary phase diagram for NiTCNQ 2 , which can be seen in Figure 4 . Encouragingly, the data lie almost on a straight line, with a slope of -2.06(7) K/kbar although to create a more reliable phase diagram, more work is needed. The pressure dependence of T C within other metal-organic systems can vary hugely [23, 24] , however Ni(TCNQ) 2 is a fairly simple system, not containing any additional ligands, and to our knowledge this is the first report showing this type of behaviour in these M(TCNQ) 2 salts. Within this low temperature region, there are only two scenarios that, either the sample is ferromagnetic, ferrimagnetic or paramagnetic, however with more work hopefully this can be expanded to see if there are any other more exotic forms of magnetism present.
In conclusion, we have shown that NiTCNQ 2 is an interesting material that is extremely susceptible to the application of pressure, which destroyed the onset of the ferromagnetic behaviour. The results may be interpreted as indicating that π-stacking interactions may potentially be important. This would bring the class of materials in line with that seen in other stacked systems that show spin-Peierls type behaviour. In order to progress organic based magnetism, it is important to work on understanding how to tune the system to get the desired result of an enhanced T C . Our work suggests that increasing the strength of TCNQ-TCNQ might not be fruitful in pushing up T C , therefore one should perhaps seek to decrease the coupling between TCNQ molecules. With respect to the phase diagram a lot more work is needed, however we hope that 
